Worldwide, artificially armored shorelines can dominate available estuarine habitat. Increases in artificial substrata in southern California, USA, coincide with increased abundances of nonindigenous species. The US west coast Olympia oyster, Ostrea lurida, may be particularly sensitive to changes in natural habitat availability and recently experienced large-scale declines in abundance. Simultaneously, the non-indigenous and often invasive Pacific oyster, Crassostrea gigas, has been introduced along the US West Coast, including into southern California estuaries where its impact is unstudied. We recorded C. gigas and O. lurida densities from October 2010 through July 2017 throughout southern California on several habitat types and as a function of tidal elevation as a critical baseline for evaluating impacts of C. gigas. Ostrea lurida was present in higher proportions than C. gigas in hard substrate-dominated habitats, whether natural or human-introduced. A strong zonation pattern emerged; C. gigas achieved its maximum density above +0.4 m MLLW versus O. lurida at or below +0.2 m MLLW. These data reveal the optimal tidal elevation for placement of a restored O. lurida bed and establish a critical baseline and techniques for evaluating future changes in oyster density.
Introduction
Across the globe, humans have extensively reworked estuaries and bays to develop shoreline property and protect against shoreline erosion. This reworking includes extensive shoreline armoring via construction of riprap breakwaters and seawalls, particularly in highly urbanized areas. In San Diego Bay, California, USA, 74% of the shoreline is armored with riprap, seawalls, and other artificial structures (Tierra Data Inc. 2013) . These human-introduced substrata can change community structure (Connell 2001; Bulleri and Chapman 2004; Tyrrell and Byers 2007) , support lower diversity (Moschella et al. 2005; Pister 2009 ), and may facilitate the spread of nonindigenous species (NIS) (Bulleri and Airoldi 2005; Tyrrell and Byers 2007 , but see Pister 2009 for a review of studies finding little to no effect). Placement of human-introduced substrata, combined with other activities such as infilling, dredging, and channelization, has led to significant declines of naturally occurring habitat.
One severe example of natural habitat reduction has been an 85% global decline in oyster reef habitat (Beck et al. 2011) . Oyster reefs once dominated the habitat in coastal estuaries and delivered important ecosystem services via their ability to provide refugia for communities of organisms (Grabowski et al. 2005) , improve water clarity (Grizzle et al. 2008) , stabilize sediments (Meyer et al. 1997; Piazza et al. 2005) , and provide food for important fisheries (Bonnot 1935; MacKenzie Jr and Wakida-Kusunoki 1997; Cranfield et al. 1999) . The loss of vast amounts of habitat had devastating effects on the value of the global oyster fishery (Guo et al. 1999 ) and on ecosystem services provided by oysters, therefore, efforts to restore this once ubiquitous habitat are underway.
On the U.S. west coast, the oyster habitat destroyed was that of the Olympia oyster, Ostrea lurida Carpenter, 1864. This species, currently distributed from British Columbia, Canada ) to Guerrero Negro, Baja California, Mexico (Raith et al. 2015) , suffered declines of >90% of its beds in Washington, USA and > 99% loss along the rest of its range (Beck et al. 2011) due to anthropogenic impacts including overharvesting and pollution (Hopkins 1931; Bonnot 1935; reviewed in Baker 1995) . Currently, in southern California, the species exists as remnant individuals on natural and human-introduced substrata in bays and harbors ). There is significant interest in re-establishing oyster bed habitat across this species' range (Dinnel et al. 2009; McGraw 2009; White et al. 2009b ) to return ecosystem services and harness the ability of oyster bed habitat to act as a living shoreline (Megan Cooper, personal communication, California State Coastal Conservancy, May 2015) . Small-scale restoration studies demonstrate the efficacy of doing so (Zacherl et al. 2015) .
Associated with the extensive reworking of wetlands, bays, and estuaries has been the continued rise in non-indigenous species (NIS) introductions (Ruiz et al. 2000; Bulleri and Airoldi 2005) . San Francisco Bay is thought to be the most heavily invaded bay on the US west coast (Ruiz et al. 2000) with 175 NIS in 2011 (Cohen 2011) ; southern California bays and estuaries also contain a large number of NIS, with up to 106 documented species (Cohen 2011) . These NIS are sometimes numerically dominant; in southern California, Cohen et al. (2005) observed very high proportions of NIS on humanintroduced habitats such as floats (43%) and subtidal fixed structures (64%). While many of these introductions may ultimately fail, the specter of successful pest species introduction keeps conservationists on high alert because of the potential negative impact on native species assemblages (Lodge et al. 2006 , and references therein). For example, the pest NIS, Caulerpa taxifolia, has remarkable potential to exact devastation on local species (Boudouresque et al. 1995; Balata et al. 2004) . It invaded two southern California estuaries, necessitating expenditure of millions of dollars over a decade to eradicate it (Withgott 2002; Anderson 2005) . Crooks et al. (2015) recently detected another potential pest NIS, the Pacific oyster, Crassostrea gigas, in several southern California bays and estuaries. This NIS from Japan is the most common oyster in aquaculture and the most geographically widespread oyster species in the world, established on every continent except Antarctica (Shatkin et al. 1997; Ruesink et al. 2005) . Initial C. gigas introduction to California has been attributed to deliberate planting in 1929 into central California at Tomales Bay and Elkhorn Slough (Conte 1996) . In southern California, C. gigas has also been deliberately planted into Newport Bay, San Diego Bay, and Catalina Island from 1930 to 1960 (Barrett 1963; Carlton 1979 , and reviewed in Crooks et al. 2015) . Further, Smith et al. (1987) and Stephenson et al. (1986) out-planted juveniles into Marina Del Rey, Newport Bay, and San Diego Bay to monitor tributyltin effects. Farming of C. gigas has taken place in Baja California, Mexico since the 1970s (Islas-Olivares 1975) and in southern California since the 1980s (in Santa Barbara and Carlsbad). Despite these numerous intentional introductions, C. gigas was not detected outside of aquaculture settings anywhere south of Morro Bay in a 1991 west coast estuaries survey (Emmett et al. 1991) . The species was noted in Los Angeles Harbor in a non-indigenous rapid assessment survey in 2000 (Cohen et al. 2005) , but the earliest documented consistent and wide-spread observations of the species throughout southern California occurred in 2005 (Crooks et al. 2015; .
There is some evidence that C. gigas can negatively impact O. lurida. Buhle and Ruesink (2009) found O. lurida growth rate and survival declined with increasing density of C. gigas in Willapa Bay, WA. Trimble et al. (2009) suggested that C. gigas shell at upper tidal elevations may serve as a recruitment sink for O. lurida in WA, where it is otherwise limited to the lower intertidal to shallow subtidal due to freezing and desiccation stress. Globally, the influence of C. gigas on other oyster species and its new community varies from invasive threat (NSW Department of Primary Industries 2012), to significant habitat transformer via increases in structural complexity (reviewed in Troost 2010), to facilitator of increased community diversity (e.g., Trianni 1996) and local species density (Dumbauld et al. 2001; Hosack et al. 2006) , to having no detectable impact (e.g. on infauna, Dumbauld et al. 2001) or equivocal impact (Troost 2010) . Sometimes the lack of impact on native bivalves is because non-indigenous oysters do not overlap in habitat with their native counterparts. When habitat overlap occurs, NIS typically outgrow native species (Ruesink et al. 2005) . In Australia and New Zealand, areas of overlap are dominated by C. gigas which overgrow and smother the native Sydney rock oyster, Saccostrea glomerata, but the native oyster can survive emersion longer and therefore persists at higher tidal elevations (Krassoi et al. 2008) . In British Columbia, C. gigas is found in the barnacle zone above +1.3 m MLLW where it does not appear to exclude native species and may facilitate barnacle settlement (Bourne and Mann 1979) . Because C. gigas' impact varies across the globe, it is difficult to predict the potential for C. gigas in southern California to impact local communities or outgrow and displace O. lurida, though studies from Washington (Buhle and Ruesink 2009; Trimble et al. 2009 ) suggest that O. lurida may be at risk.
Because C. gigas is a successful colonizer throughout the world, and at times an invasive pest that impacts native oyster species, it is important to document its current population status. Establishing a baseline is important not only to analyze the effects of invasive threats, but also to examine shifts in species and their habitats due to climate change (Sagarin et al. 1999) , to assess and implement conservation measures (Lotze and Worm 2009) , and to evaluate the effects of pollution or other anthropogenic impacts. The Pacific oyster has become increasingly detectable in southern California in the past decade, although it is not yet clear whether its presence is ephemeral or the start of established self-sustaining populations. Knowledge of its current population status is critical in southern California, where intense development has left little natural habitat remaining, and the preponderance of artificial substrata dominate and may facilitate proportionally higher recruitment of NIS. Thus, an important preliminary step in understanding the potential impact of C. gigas on southern California estuaries, and on O. lurida, is to establish baseline demographic data for both species. With this goal, we measured the densities of both oyster species across multiple sites, habitat types, and tidal elevations, in several southern California bays.
Methods
From 2010 to 2013, we surveyed Ostrea lurida and Crassostrea gigas densities and substratum availability at multiple sites in Newport Bay, Alamitos Bay, Huntington Harbour, Los Angeles Harbor, and San Diego Bay, California, USA (Fig. 1 ). Sites were selected haphazardly based upon ease of access, though when possible, we sampled across a variety of habitats, including cobble fields, mud and sand habitats, seawalls, riprap, and pilings. All sites were located in areas of each bay with salinity and temperature conditions known to support both species.
Density and Substratum Availability Surveys
Within each site, we surveyed during low tides of −0.15 m mean lower low water (MLLW) or lower. In general, in southern California, tides can range between~−0.4 m and + 2.0 m each month, so constraining our surveys to days achieving −0.15 m allowed us to generally maximize the tidal range surveyed. We sampled a band 2 to 4 m in width (depending upon slope), in an attempt to capture the majority of the oyster zone. However, because we sampled different habitat types with vastly differing slopes, this meant that sometimes we sampled across a much broader tidal range than in other instances (e.g. seawall vs. soft habitat).
On soft, cobble, riprap, and wall habitats, we surveyed replicate randomly placed 0.5-m length × 0.5-m height (0.25m 2 ) quadrats (n = 13-31) along a 50-m transect placed in the middle of the visible oyster zone. All oysters that fell at least halfway within each quadrat were enumerated and identified. Identification of each oyster was via shell length, presence or absence of external foliations on the shell, shell fouling, and, as necessary, examination of internal shell color and presence or absence of chomata (as in Raith 2013) . On piling habitat, we surveyed one 0.25m 2 quadrat per piling for all pilings available up to a distance of 50 m along the shore using flexible quadrats that wrapped around the structure. For each piling and on seawall habitat, we determined the surveyable range from the bottom of the piling to the highest visible oyster, randomly placing piling quadrats with respect to height and face, and wall quadrats with respect to height.
After counting oysters in our quadrats, we placed a gridded 0.25m 2 quadrat in the same location to determine substratum availability using a point-contact technique with 49 points per quadrat. At each point we identified the substratum first encountered under a probe tip. For mobile organisms, we counted the substratum beneath. For algae and eelgrass, we scored that substratum if the probe hit the point of attachment; otherwise we counted the substratum underneath. Substratum categories included mud, sand, gravel, small rock, medium rock, large rock, boulder, seawall, piling, concrete, wood, dead shell, mussel, live O. lurida, live C. gigas, clam, scallop, barnacle, rope, PVC pipe, unspecified plastic, metal pipe, tunicate, Serpulorbis squamigerus, tire, brick, sponge, sandcastle worm, bryozoan, Ulva sp., and eelgrass. We then collapsed a subset of the substrata (all except mud, sand, tunicate, sponge, Ulva sp., and eelgrass) into one category called Bhard substrata^.
At the upper and lower extremes of the band transect we estimated tidal elevation using a LaserMark LM-30 rotary laser. Using the laser, we calculated the difference in height from the water's edge at a specified time and the upper and lower corners of our band transect, and added the difference to predicted tidal elevations (accessible at http://tbone.biol.sc. edu/tide or https://tidesandcurrents.noaa.gov/tide_ predictions.html) from the nearest NOAA station relative to each survey site (see Table 1 for stations used to generate tidal predictions for each site). These estimates did not account for barometric pressure or tidal surge and thus represent an estimate of tidal elevation.
Due to the limited replication within each habitat type (i.e., seawall vs. cobble vs. pile, etc.), we took a descriptive, rather than inferential, statistical approach to provide baseline information for oyster densities and substratum availability in southern California. Within each site, we calculated mean density (± 1 SE) per habitat type. For among-habitat and among-bay comparisons we calculated grand weighted means (± 1 SE). We also calculated grand weighted means of the proportion of C. gigas to total oysters to allow comparisons among habitat types and bays.
Distribution Across Tidal Range
Based upon the primary literature (Krassoi et al. 2008) to quantify densities of both species as a function of tidal elevation at three different sites including seawalls in Alamitos Bay and Huntington Harbour, and a chain-linked fence extending into the water in Glorietta Bay (within San Diego Bay). We chose vertical substrata because of the ability to measure densities of both species across a large tidal range. At each site, we measured twenty meters of continuous wall or fence. Each meter along the transect contained one quadrat that measured 0.3m 2 (1.0-m length × 0.3-m height) and was assigned a random tidal elevation between the bottom of the wall and the top of the barnacle zone by placing a meter stick against the surface and assigning a random number (in cm) to identify where the lowest corner of the quadrat should be placed. All oysters that fell at least halfway within the quadrat were enumerated. Tidal elevation was estimated for each quadrat using a LaserMark LM-30 rotary laser as specified above.
In 2017, we returned to Glorietta Bay to characterize tidal zonation of oysters using more precise and accurate measures of tidal elevation, while also broadening the tidal elevations surveyed including above the barnacle zone. We employed a Leica Geosystems system1200 real-time kinematic global positioning systems (RTK-GPS) unit receiving position corrections via Leica's SmartNet base station network to record position (x,y) and elevation (z) in real time. Additionally, we sampled zonation on a cobble field within Chula Vista Wildlife Reserve (CVWR). At Glorietta Bay, we used methods comparable to those used in 2014. At CVWR, we laid out five 30 X 1-m transects parallel to the water line across tidal elevations ranging from approximately −0.5 ft. MLLW to +4 ft. MLLW. On each transect we randomly generated X values along the transect and alternately placed a total of 7-10 quadrats above or below the transect line for a total of 45 quadrats. For each quadrat, we recorded the number of each oyster species and calculated density/0.25m 2 . At each quadrat at each site, we placed the RTK-GPS pole into the approximate center of the quadrat and recorded the tidal elevation in ft. NAVD. Upon completion of field work, survey data were reviewed for quality and we converted elevation from ft. NAVD to ft. MLLW using a conversion of 0.43 (from NOAA Tides and Currents San Diego Station). The horizontal datum was NAD83 CAZ6, feet (epoch 2010) and the vertical datum was NAVD88, ft. (Geoid 12a).
We transformed raw counts of oysters in 0.3m 2 quadrats into density/0.25m 2 and ft. MLLW to m MLLW to facilitate comparison with other density data collected. To evaluate the relationship between tidal elevation and oyster density, for each species at each site, we fitted either a linear regression line or a polynomial line (degrees = 2), as appropriate, and used ANOVA to test for goodness of fit using JMP 12.0 or JMP 13.0 statistical software.
Data Availability
The datasets analyzed during the current study are available from the corresponding author on request.
Results

Density and Substratum Availability Surveys
We completed density and substratum availability surveys at 20 sites across 5 bays; at 5 sites, multiple habitat types were surveyed on separate transects, and at 2 sites, we repeated surveys in a subsequent year, for a total of 33 transects surveyed (Table 1) . Percent cover of hard substrata varied substantially within and among habitat types, ranging from 0 to 40% in mud habitat, 49-97% in riprap, 52-98% in cobble, 92-99% on wall, and 96-100% on piling ( Table 1 ). Note that since cover was recorded as the substrate first encountered with the probe, it was sometimes possible to have <50% cover in hard habitat types, if, for example, mud was present and deposited upon riprap. There were four transects where we did not detect any living oysters of either species within the quadrats; all of these survey locations were in mud or mud/sand habitats (Table 1 ) with low % cover hard substrata (0-3.5%) except Colorado Lagoon, Alamitos Bay, with 31.6% cover of hard substrata. Qualitatively, both species were present at these sites but not detected by surveys (i.e., on other habitat types, see Table 1 , or on scattered refuse, e.g., tires, present at the site but not within transects). Of 29 transects where we did detect and record living oysters, Ostrea lurida was present at higher densities than Crassostrea gigas on all but 5 transects (Table 1) . Qualitatively, we generally observed multiple size classes of both species at the majority of sites surveyed.
Across all bays, sites, and habitat types, O. lurida densities ranged from 0.00 oysters/0.25 m 2 at several locations to 54.83 ± 7.52 (SE) oysters/0.25 m 2 at CV, in San Diego Bay (Table  1) . O. lurida density varied greatly among habitat types within bays and between bays. In general, there were higher O. lurida densities across all habitat types in Newport Bay compared to Alamitos Bay (Fig. 2) . In Newport Bay, where we surveyed the broadest selection of habitat, O. lurida density was higher on human-introduced (riprap, walls, and pilings) versus natural habitats (soft and cobble). This same general trend among habitat types was observed in Alamitos Bay (Fig. 2) . In San Diego Bay, the highest density was at CV, where the habitat was composed of cobble and small rocks (natural habitat). The density of O. lurida on cobble at CV (with 98% hard substratum) was over 7-times higher than on cobble in Newport Bay (with 52-65% hard substratum available).
Across all bays, sites, and habitat types, C. gigas densities ranged from 0.13 ± 0.09 (SE) oysters/ 0.25 m 2 at DL in Alamitos Bay (Table 1) (Table 2) . When considering densities across habitat types within bays, with the exception of GC in San Diego, densities did not appreciably differ among habitat types (Fig. 3) , except that seawalls may support slightly higher densities than other habitat types. There was no clear pattern of densities across habitat types between bays when comparing Newport Bay to Alamitos Bay, but we recorded exceptionally high densities of C. gigas at two locations in San Diego Bay -on the chain link fence at GB (Table 2) and on riprap at GC (this survey also was at a notably higher tidal elevation than the others, Table 1 ).
To address whether human-introduced habitats may influence NIS distributions, we examined proportions of the NIS C. gigas to total oysters within each bay on each habitat type. Soft-sediment habitats (natural) in 1 of 2 bays contained higher proportions of C. gigas than O. lurida, while cobble habitats (natural) in 2 of 2 bays contained higher proportions of O. lurida (Fig. 4) . For humanintroduced habitats, riprap contained higher proportions of O. lurida in 2 of 3 bays, and wall and piling habitats were each dominated by O. lurida in 2 of 2 bays.
Distribution Across Tidal Range
Ostrea lurida densities varied linearly and significantly as an inverse function of tidal elevation across all but one site surveyed, reaching maximum density at 0.2 m MLLW or lower, while C. gigas densities increased with tidal elevation, achieving maximum density at 0.4 m MLLW and higher (Fig. 5) . O. lurida consistently occurred within and underneath the welldefined mussel zone (dominated by Mytilus galloprovincialis) while C. gigas consistently occurred within and above the mussels, approaching the top of the barnacle zone. C. gigas density varied linearly with elevation at the sites where our surveys occurred in a limited range of tidal elevations (Fig. 5a - 
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(1) Numbers in parentheses above each bar indicate number of sites contributed to calculating the grand weighted mean and SE; within site means were calculated using n = 7-31 quadrats (Table 1) , quadrats were nested within sites. ND = No Data b); at those sites where we surveyed a broader elevation range including the uppermost reaches of the intertidal zone, the relationship was best described by a polynomial function (Fig. 5c-e) . The linear relationship with tidal elevation was significant for both species at SB in Alamitos Bay (O. lurida: F (1,18) = 6.92, P = 0.017, C. gigas: F (1,18) = 9.22, P = 0.0071), for C. gigas at GL in Huntington Harbour (F (1,13) = 10.18, P = 0.0071) and O. lurida at GB in San Diego Bay in 2014 (F (1,21) = 20.15, P = 0.0002) and 2017 (F (1,43) = 33.39, P < 0.001), and CV in 2017 (F (1,43) = 26.43, P < 0.001). While not significant, the trend was still evident for O. lurida at GL in Huntington Harbour (F (1,14) = 2.22, P = 0.1582, Fig. 5a ). We surveyed a broader tidal range at GB and CV in San Diego Bay; significant 2nd degree polynomial fits best described the relationships for C. 
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(2) Fig. 3 Crassostrea gigas densities (grand weighted mean # oysters/ 0.25m 2 ) on various substrata in Newport, Alamitos, and San Diego Bays from surveys conducted between 2010 and 2013. Bars represent ±1 SE. Numbers in parentheses above each bar indicate number of sites contributed to calculating the grand weighted mean and SE; within site means were calculated using n = 7-31 quadrats (Table 1) , quadrats were nested within sites. ND = No Data 0.0143; GB 2017: F (2, 42) = 20.23, P < 0.001, and CV 2017: F (2, 42) = 10.36, P = 0.0005, Fig. 5c-e) .
We surveyed the chain-link fence using comparable techniques at Glorietta Bay in both 2014 and 2017. In a post-hoc density comparison using t-tests, we recorded a 6.6 times increase in density of O. lurida (Table 2 , p = 0.0015), and no change in density of C. gigas (Table 2 , p = 0.2539). Using two different techniques to measure tidal elevation (laser in 2014 versus RTK-GPS in 2017, see methods), the distribution of the two species remained stable (Fig. 5c-d) , with O. lurida declining with tidal elevation and not recorded above +0.8 m and C. gigas achieving its density maximum between +0.6 and + 0.8 m MLLW.
Discussion
We recorded the most comprehensive and among the first quantitative information on the densities and distributions of Ostrea lurida and Crassostrea gigas in southern California across multiple substrata. We discovered a clear zonation pattern based on tidal elevation for both species. Contrary to previous studies on human-introduced substrata, we did not find higher proportions of NIS C. gigas relative to O. lurida on artificial substrata. Our qualitative observations of multiple size classes of both oyster species at most sites surveyed suggest that both species are regularly recruiting in bays throughout southern California. 
Distribution Across Tidal Range
Both species exhibited clear patterns of zonation throughout all bays surveyed with C. gigas achieving its maximum density above +0.4 m MLLW and O. lurida at or below +0.2 m MLLW. In Huntington Harbour, we recorded a relatively large number of O. lurida (eight) in one quadrat at a relatively high tidal elevation (0.52 m MLLW), but instances of O. lurida at high tidal elevations were rare. Overall, the trend for O. lurida at Huntington Harbour follows the zonation pattern as at other sites.
Previous studies have documented the broad tidal distributions of O. lurida (reviewed in Baker 1995) and have documented higher recruitment rates of O. lurida at lower tidal elevations compared to higher tidal elevations (White et al. 2009a) , however only a handful have addressed zonation between these two species. Ruesink et al. (2006) allude to the existence of the same zonation pattern we observed in WA state and in B.C. More recently, Valdez et al. (2016) examined zonation patterns for both species at 5 tidal elevations (ranging from −0.6 m to +0.6 m MLLW) at three locations in WA and found that the C. gigas generally increased in density with increasing tidal elevation, in agreement with our findings. However, O. lurida density relative to tidal elevation in WA was not consistent across sites; it only marginally increased with depth at one of three sites. Our zonation studies were constrained to locations where hard substrata (seawalls, a cobble field, and a chain-link fence) dominated across all tidal elevations. In contrast, Valdez et al. (2016) collected data at sites that contained eelgrass beds at lower tidal elevations and C. gigas reefs at mid to upper intertidal locations. The contrast suggests that the zonation pattern for O. lurida may only be detectable when hard substrata are available at all tidal elevations surveyed, as we found generally low O. lurida density in soft-sediment habitats relative to hard structured habitats. We suggest that available hard substrata interact with tidal elevation to shape O. lurida distributions, and the differences between the two studies in hard habitat available at lower tidal elevations explains the disparity in findings. This is an excellent avenue for future distributional studies of the Olympia oyster.
We know little about the mechanism driving the patterns of zonation between the oysters. In Australia, Krassoi et al. (2008) found that a combination of competitive dominance by NIS C. gigas and differences in tolerance to abiotic stress between C. gigas and native Saccostrea glomerata created zonation between the two species, with C. gigas more dominant in lower tidal elevations compared to S. glomerata. The latter had a higher tolerance for aerial exposure, likely due to either increased desiccation tolerance or thermal tolerance or both (Nell 2001) . The mechanism driving the zonation pattern between C. gigas and O. lurida could be differential resistance to desiccation stress, given that C. gigas is much larger (maximum lengths above 150 mm versus O. lurida, typically <70 mm in length), and likely less prone to desiccation. Differences in thermal tolerance could also play a role. When oysters were exposed to elevated water temperatures in experimental studies, the temperature that induced 100% mortality was lower for adult O. lurida (39°C, Brown et al. 2004 ) than for adult C. gigas (43°C, Clegg et al. 1998) though their thermal tolerance during aerial exposure is unknown. Other factors that could drive or contribute to the zonation pattern include differential patterns of larval vertical zonation in the plankton and larval settlement across tidal elevations (Grosberg 1982) , or competitive interactions (Connell 1961) . Importantly, C. gigas in southern California is occupying a tidal range similar to that in its native range in Tokyo Bay. In southern California, we generally observed C. gigas between +0.2 and + 1.2 m MLLW, within and mostly above the mussel (Mytilus galloprovincialis) zone and extending into the upper reaches of the barnacle zone. In Tokyo Bay, Furuse and Furota (1985) documented C. gigas distribution at three sites at tidal elevations ranging between +0.4 and + 1.4 m, again within and above the M. galloprovincialis mussel zone and extending into the barnacle zone.
Regardless of the mechanism, the zonation pattern has important implications due to differences in immersion time between the species. Zu Ermgassen et al. (2013) quantified filtration rates for O. lurida, concluding that it may have limited value for improving water clarity, especially relative to Crassostrea species. They note that aqua-cultured C. gigas may play an increasingly important role in restoring the filter feeding ecosystem services previously provided by historic O. lurida populations. They list multiple factors to consider when comparing the services provided by different oyster species, including filtration rate, mean size, and mean density. In southern CA, feral C. gigas experiences far less immersion than O. lurida, and thus experiences less time to perform filtration, necessitating this factor's inclusion in among-species comparisons.
Our data suggest that constructed oyster beds spanning tidal elevations from 0 to +0.3 m MLLW would maximize O. lurida density. A zone of overlap exists between the species so any reef occupying tidal elevations between +0.3 and +0.7 m MLLW could support both species. Above~+ 0.7 m MLLW, O. lurida would be excluded. Our observed distributional pattern was consistent across multiple habitat types surveyed including sea walls, a cobble field, and a chain link fence. It is possible that a more complex habitat, such as a constructed oyster bed, may allow one or both species to exploit a broader range of elevations, but finding thus far from three oyster restoration studies in southern California indicate that the distributions of both species on the constructed beds are consistent with those observed in this study (C. Fuentes and D. Zacherl, unpublished data, CSU Fullerton, August 2014) .
Another important implication of this zonation pattern involves making comparisons of density among studies across the range of the species. Unless explicitly noted, density measures performed across a broad tidal elevation, or simply characterized as completed Bduring low tide^may be biased by the actual tidal elevation. For example, on riprap habitat, we recorded exceptionally high C. gigas density in San Diego Bay at Grand Caribe (Table 1, Fig. 3) . However, the tidal elevation of this survey (ranging from +0.39 to +0.93 m MLLW) was generally higher than any of the other riprap habitat surveyed (4 of 5 other riprap sites surveyed extended down into negative tidal elevations as low as −0.3 m MLLW). We cannot discount the possibility that tidal elevation biased our density measures at Grand Caribe; below~+ 0.4 m MLLW, C. gigas density declines substantially (Fig. 5) . Further, zonation patterns likely vary with latitude (Harley and Helmuth 2003; Byers et al. 2015) . Thus, among-estuary and among-study comparisons should take into account potential bias due to tidal elevation.
Density and Substratum Availability Surveys
Our results did not support previous findings of higher proportions of NIS relative to native species on artificial substrata (Tyrrell and Byers 2007) , though it is important to acknowledge that our study only examined one native and one nonindigenous species. If any generalizable pattern exists in our data, it may be that O. lurida is proportionally higher than the NIS C. gigas in hard substrate-dominated habitats, whether natural or human-introduced. O. lurida actually achieved highest densities on human-introduced habitats (riprap, walls, and pilings) versus natural habitats (soft and cobble) in two of three bays surveyed, though the highest density recorded across all sites was on natural cobble habitat. Our general finding of higher oyster density on human-introduced habitat is in contrast to a recent study on Crassostrea virginica oysters in North Carolina, USA, which found 3 to 8-times higher densities of oysters on natural habitat (oyster reefs) relative to hardened shoreline structures (Theuerkauf et al. 2017 ) but agrees with findings by Burke (2010) that oysters can achieve higher density on riprap relative to natural habitat. It is unclear if Theuerkauf et al. (2017) took tidal elevation into account and Burke (2010) did not explicitly test for the effects of tidal elevation. Lastly, however, the complete absence of natural oyster beds along most of O. lurida's range call to question whether even higher densities of O. lurida could be achieved in southern California on natural or restored oyster beds.
Our recorded densities for O. lurida were comparable to, or higher than, previous surveys conducted in 2005 and 2006 throughout southern California . At the one site where we repeated surveys using comparable techniques, Glorietta Bay, we recorded a large increase in O. lurida density from 2014 to 2017. On average, across all habitat types and sites in Newport Bay, we measured O. lurida density at 11.99 oysters/ 0.25m 2 , double that of the maximum mean density recorded by in surveys conducted during 2005. O. lurida density was highest in San Diego Bay, and our highest density recorded, at CV (at 54.83 oysters/0.25m 2 ), was approximately 2-times higher than previously recorded by . did not report the specific tidal range for their surveyed transects, but rather reported the lowest tide on the days in which surveys were performed, leaving open the question whether data are comparable.
Although O. lurida densities were generally higher than those recorded in prior surveys in southern California, they remain low compared to other locations throughout the species' range. In San Francisco Bay, where multiple O. lurida restoration efforts have been performed or are underway, Wasson et al. (2015) recorded densities ranging from 37 oysters/0.25m 2 to 240 oysters/0.25m 2 . In British Columbia, Olympia oyster densities range from 60 to 90 oysters/0.25m 2 at multiple sites (Gillespie 2009; Jacobsen 2009 ).
Here, we report the first quantitative data for nonindigenous oysters in southern California. C. gigas densities ranged from 0.13-21.90 oysters/0.25m 2 ; at lower densities than O. lurida in all but three surveyed sites (SB, YC, and GC; Tables 1 and 2 ). Interestingly, our surveys at YC and GC were both conducted at a relatively high tidal elevation, indicating the potential tidal elevation sampling bias discussed above. Regardless, this study provides an important baseline against which to compare future C. gigas densities. Outside of our study, there are not many published data on feral C. gigas density from the U. S. west coast. Notably, C. gigas densities in our study are significantly lower than those recorded recently for feral C. gigas in Puget Sound, WA; Valdez et al. (2016) recorded densities as high as~88 oysters/0.25m 2 . However, we recorded significant increases in C. gigas density over three years at GB (T-test, 2014 vs 2017 surveys, P = 0.0015, Table 2 ), indicating that perhaps C. gigas populations are growing in southern California. On San Juan Island, WA in the Strait of Juan de Fuca, Klinger et al. (2006) surveyed feral populations of C. gigas and found up to 0.9 oysters/0.25m 2 . Other researchers have only qualitatively mentioned the presence of feral C. gigas beds in WA and B.C. (e.g., Kelly et al. 2008) . This is the first broad-scale baseline survey of two important oyster species in southern California -one, Ostrea lurida, in the midst of a restoration renaissance, and the other, C. gigas, a worldwide invader and potential pest species to this habitat. Our study provides data on densities of both O. lurida and C. gigas, providing an important benchmark against which future density studies can be compared. We show that characterizing the density or abundance of particular oyster species at any site should take into consideration both habitat type and tidal elevation. Background monitoring of native oysters should continue as restoration interest increases throughout southern California.
